Abstract. As the first study of long-term atmospheric 210 Pb in Estonia, the activity concentration and possible origins of the nuclide were monitored at Tõravere, South Estonia, and Narva-Jõesuu, North-East Estonia, from 2001 to 2008. Activities of 210 Pb in weekly collected air filter samples were analysed using HPGe gamma spectrometry. Results show high weekly, seasonal, and yearly variability in the range from 0.12 mBq m -3 to 2.76 mBq m -3 (median 0.45 mBq m -3 ) for Tõravere and from 0.08 mBq m -3 to 2.53 mB m -3 (median 0.43 mBq m -3 ) for Narva-Jõesuu. No significant correlation between the 210 Pb activity concentration and meteorological data was found as far as total weekly precipitation, relative humidity, or air temperature were considered. A strong correlation between the 210 Pb concentrations from the two sampling sites was present. Back-trajectory calculations made with the METEX software showed clearly that high 210 Pb values in surface air were prevailingly caused by continental air masses from the Eurasian continent, while the low activity concentrations tended to arrive via marine air masses from the North Atlantic. Indications of correlation of atmospheric boundary layer height with 210 Pb activity concentration were found.
INTRODUCTION
* It is generally known that our surrounding environment, including the atmosphere, is slightly radioactive. The atmosphere is also an effective environment for the transfer of natural and artificial radionuclides, some of them harmful substances in the air, from place to place. As a relatively clean atmospheric air is obligatory for the life of humans and other biota, numerous atmospheric studies have been carried out, a variety of modelling tools have been developed over the years to learn details about the mobility of particles of different sizes in the atmosphere, etc. (Preiss et al., 1996) . * Corresponding author, isakar@ut.ee One of the important substances in atmospheric air, regarding both scientific research and everyday air quality, is the naturally occurring radionuclide 210 Pb. It is a member of the 238 U decay chain, which is naturally present in the Earth's crust. As 210 Pb is formed in the chain after the alpha decay of 222 Rn, which is an inert gas and thus able to exhale from the soil and to migrate to the atmosphere, transfer in air, and deposit to the ground, a considerable amount of 210 Pb is constantly present around us in the environment. Together with other 222 Rn progeny 210 Pb has a significant impact on the effective dose of ionizing radiation to a human via inhalation and ingestion (see e.g. Vecchi et al., 2005) . Unlike the short-lived 222 Rn, the progeny 210 Pb has a half-life of 22.3 years, with mean residence time in the atmosphere about 10 days (varying from 0 days to more than 5 weeks), and is thus a useful tracer for atmospheric movements. It has been noticed that 210 Pb atoms tend to attach to the sub-micron sized aerosol particles, which are widely used in atmospheric studies as characteristic parameters (Gaffney and Marley, 2002; Gaffney et al., 2004; Vecchi et al., 2005; Sykora et al., 2007; Paatero et al., 2010; Baskaran, 2011) . With its 46.5 keV full energy gamma peak 210 Pb is comfortably detectable via non-destructive gamma-ray spectrometry when collected from air on an aerosol filter.
In this study the aerosol particles were collected from the atmospheric air using high-volume air samplers at the Estonian Weather Service's meteorological survey sites at Tõravere (58°15′50′′N, 26°27′41′′E, South Estonia) and Narva-Jõesuu (59°27′47′′N, 28°02′4′′E, North-East Estonia). The sampling sites together with the local oilshale-fired power plants are shown in Fig. 1 . Air filters were first analysed via HPGe gamma-ray spectrometry in the laboratory of the Radiation Safety Department, Environmental Board, as part of routine monitoring of atmospheric radioactivity. After that, 210 Pb activity concentrations of the same filters have been analysed in the laboratory of environmental physics at the Institute of Physics, University of Tartu, since the monitoring of 210 Pb concentration is not part of the Estonian national monitoring programme.
MATERIALS AND METHODS

Concentrations of
210 Pb activity in weekly collected aerosol filter samples were analysed. The samples from the Tõravere station cover the period from 2001 to March 2008; those from Narva-Jõesuu are from 2001 to May 2008. In total, the current study is based on the analysis results of 359 filter samples for each sampling site.
The aerosol filters used were general GF/A grade glass microfibre filters by Whatman (linear measurements: 28.5 cm × 23.0 cm), whose efficiency for collecting particles of 0.3 µm is considered to be 99.95% or better (GE Healthcare, 2013) . The atoms of 210 Pb participate in the growth of aerosols with a diameter of 0.07-2 µm, which are known to be the main transporters of pollutants in the atmosphere (Ioannidou et al., 2005; Abe et al., 2010) . The filters were exposed to atmospheric air for a week with a help of a high-volume air-sampling device JL-150 HUNTER (Senya OY, Finland) at Tõravere, Tartumaa, South Estonia, and Snow White (Senya OY, Finland) at Narva-Jõesuu, Ida-Virumaa, North-East Estonia. The volume of air pumped through the filter during that time was recorded when removing the filter from the device. The average weekly air volume passing the filter at Tõravere was 23 217 m 3 , with a minimum and a maximum of 7 445 m 3 and 27 445 m 3 , respectively. At Narva-Jõesuu the average air volume For analysis the filters were compressed into comparable samples by means of a hydraulic press with special anvils. As a result, every filter became a small cylinder with a diameter of 4.18 cm but of varying height. The samples were placed in the polyethylene beakers of an external diameter of 5.0 cm and height of 2.9 cm. Since the air filters were exposed for a week, the 210 Pb activity accumulated in them was enough to determine the activity concentration via 46.5 keV gamma line of 210 Pb, although it has emission probability of only 4.25% (LNHB, 2008) . Thus no expensive and timeconsuming radiochemical analysis is needed.
The activity concentration of Pb was measured by the 46.5 keV gamma line using a gamma spectrometer with a planar HPGe detector GPD-50400 (Baltic Scientific Instruments, Latvia) with energy resolution of 610 eV at 59.6 keV. The spectrometer is calibrated using the IAEA RGU-1 reference samples of comparable geometry. Because of the variable sample heights and of relatively low-energy gamma ray, the results were corrected for self-attenuation via efficiency correction factors. In previous studies various theoretical and empirical methods have been used for estimating the self-attenuation coefficients; Monte Carlo simulations were proved to be somewhat time-consuming but the most accurate methods (García-Talavera and Peña, 2004) . We used the Geant4 software to create Monte Carlo simulations as a basis for calculating the efficiency correction factors. The method is described in detail in . The activity concentration values were decay time-corrected to the middle of the exposure week, the results were an order of magnitude bigger than the estimated lower limit of detection for this method. The results together with combined uncertainties for each measurement are shown in Fig. 2 and Fig. 3 .
As the filters were exposed to atmospheric air at the weather station belonging to the Estonian Weather Service, the meteorological data for finding possible correlations were collected comfortably at the same site. The Estonian Weather Service kindly provided the data, including daily averages of temperature, relative humidity, air pressure, and the daily sum of precipitation, from which we found weekly averages or totals, respectively.
For statistical data analysis, including description of 210 Pb activity data and correlation tests, the statistical computing environment R together with its graphical user interface RStudio (by RStudio, Inc.) was used, both freeware. In the current study R's 32-bit version i386 2. Pb in the atmosphere, and half-life of the parent nuclide. The parameters were kinematic model on the NCEP reanalysis with a trajectory length 96 hours with one calculation after every 6 hours for the whole week when the aerosol filter is exposed to the atmospheric air. The starting moment for calculations was 12:00 on the day when the filter was installed; from this point backward the air-package parameters were found for every 96 hours in the past. The second similar calculation was made starting at 18:00 on the same day, the third starting at 00:00 on the next day, etc. For continuous calculation of 29 trajectories for one week and for compiling the results into one CSV file, two original script files were generated. For the trajectory distribution analysis, considering the origin of air-packages carrying high or low 210 Pb concentrations, OriginPro 9 software was used. and the median of 0.43 mBq m -3 . The measured data over the period are shown in Fig. 2 and Fig. 3 . For illustrative purposes the frequency distribution of the Tõravere data is given in Fig. 4 . Since the frequency distribution of data is positively skewed (skewnes = 2.53) and with high kurtosis (8.52), the normal distribution was ruled out and for correlation ranks Kendall's tau was introduced (Kowalski, 1972; Newson, 2002; Fredricks and Nelsen, 2004) . As seen in Fig. 4 , the frequency distribution can be fitted reasonably well (R 2 = 0.96) by means of the log-normal distribution:
where xc = 0.42 ± 0.01, w = 0.46 ± 0.02, A = 31.1 ± 1.4. The parameters denoted xc and w are, respectively, the mean and standard deviation of the variable's natural logarithm. The frequency distribution for the NarvaJõesuu data follows practically the same pattern. According to Preiss et al. (1996) , both Tõravere and Narva-Jõesuu, Estonia, lie in the category of the Continental Area, where the mean surface air concentrations of 210 Pb are about 0.53 mBq m -3 , although they acknowledge significant differences in the average values depending on the particular sampling site, since the influence of continental and marine air masses varies in a wide range. For example, over the years 1985 to 1996 in Belgrade, Serbia (44°47′N, 20°32′E), 210 Pb concentrations varied from 0.30 to 3.17 mBq m -3 (Todorovic et al., 2000) . From 1995 to 1996 in Palermo, Italy (38°07′N, 13°22′E), concentrations from 0.14 to 3.39 mBq m -3 were reported (Cannizzaro et al., 1999) . Results from Tõravere and Narva-Jõesuu are thus in a good agreement with similar studies around Europe both with regard to the mean values of activity concentration and the wide variability of data. A closer look at the data from Tõravere and Narva-Jõesuu and comparison with the results for Harku (Tallinn), North Estonia (59°24′N, 24°36′E), over the years 2001 , show that at Harku the data variation from 0.07 to 2.02 mBq m -3 is slightly less than at Tõravere and Narva-Jõesuu. At the same time, in general, a good agreement is observed for all sites regarding the frequency distribution of activity concentrations and the tendency of measuring higher values in wintertime. The concentrations of 210 Pb measured in all three sampling stations, Harku, Tõravere, and NarvaJõesuu, correlate with each other pretty well. Harku data correlates with Tõravere and Narva-Jõesuu with Kendall's tau value 0.57 and 0.59, respectively, while Tõravere and Narva-Jõesuu correlate with each other with Kendall's tau equal to 0.68. In all cases the p-value is well below the R's limit 2.2 × 10 -16 . Correlation of the latter two, especially of high 210 Pb concentrations, is also visible while comparing Fig. 2 and Fig. 3. 
Seasonal variations
For seasonal analysis the seasons are defined according to the meteorological situation in Estonia: winter consists of December, January, and February; spring lasts during March, April, and May; summer months are June, July, and August; and autumn lasts from September to November.
High 210 Pb activity concentrations in winter, closely followed by autumn data, are demonstrated in Fig. 5 and Fig. 6 . The latter presents the 210 Pb data as a modified box and whiskers plot. The dark horizontal line in the middle of the box indicates the median value, bottom and top lines for constructing the box are equal to the 1st and 3rd quartile of data; thus 50% of data lie 'in the box'.
Whiskers are calculated here as (3rd quartile + IQR · 1.5) and (1st quartile -IQR · 1.5), where IQR is the difference of the 1st and the 3rd quartile. Data outside the reach of whiskers are called outliers. It can be seen from Fig. 5 and Fig. 6 that in case of 210 Pb outliers occur as abnormally high values only and are never lower than the 1st quartile values; this follows also from the positive skewness of data distributions (Fig. 4) .
The same seasonal tendency has been detected previously in a number of sampling stations all over Europe (Paatero et al., 1998 (Paatero et al., , 2010 Pb in air is highly influenced by wet deposition while Rn is not. Later, based on earlier studies and literature data, they suggested that the reasons for high activity concentrations during winter might be low levels of precipitation, reduced air chemistry, and stagnant mixing conditions, as these factors increase the aerosol residence time, which facilitates the accumulation of 210 Pb in air (Paatero et al., 2010) . We have found indications for the latter: analysis of the atmospheric boundary layer data from backtrajectory calculations suggested that the 210 Pb concentration was linked to the mean and median boundary layer heights of the lifetime of the modelled trajectory, described below. In addition, we cannot ignore the influence of local meteorological parameters: atmospheric pressure, mixing layer height, temperature changes, humidity of the soil, and possible snow cover. The prevailing assumption so far is that higher values in winter and lower values in summer are caused respectively by relatively passive or active vertical mixing of air masses in the atmosphere.
The latter occurs in case of warmer weather, thus in summer (Paatero et al., 1998) .
We tried to take those factors into account and find correlations of 210 Pb activity concentration with local meteorological data. Because of the wet deposition effect, a relatively strong correlation between precipitation and the activity concentration of 210 Pb in surface air might be expected. Nevertheless, while considering the annual or weekly average concentrations of 210 Pb and total precipitation, no evidence of reasonably strong correlation has been detected either in our previous studies or in the current analysis. The possible reason is the influence of the other factors mentioned earlier (Preiss et al., 1996; Arimoto et al., 1999; Ioannidou et al., 2005) . Results of correlation tests revealed only a slight positive correlation of the 210 Pb activity concen- (Table 1 ). Kendall's rank correlation was tested via p-value and z-value. Small p-values together with large z-values indicate the correlation with atmospheric pressure and precipitation to be statistically significant, while the nearly non-existent correlation of 210 Pb concentrations with humidity and temperature might well be a coincidence.
Back-trajectory calculations
In general, the main processes influencing the concentration of 210 Pb in air are (1) local sources emanating Rn to the air and (2) transport (and deposition) of atmospheric aerosol particles carrying 210 Pb via atmospheric circulation and precipitation. Local sources mean in most cases, including Tõravere and Narva-Jõesuu, 222 Rn exhalation from the local earth crust (Preiss et al., 1996) . The Narva-Jõesuu sampling site (Fig. 1) is located near two large oil-shale-fired power plants, the Estonian Power Plant and the Baltic Power Plant, about 11 km and 18 km south/southwest, respectively. Both can be considered as local 210 Pb sources (Realo et al., 1996; Vaasma et al., 2014a Vaasma et al., , 2014b .
Considering the strong correlation between the 210 Pb concentrations at Tõravere and Narva-Jõesuu, as previously discussed, it can be assumed that the influence of local sources, e.g., power plants, is negligible compared to that of long-distance air masses. The same conclusion follows from negative results of the performed correlation analysis of 210 Pb concentrations with meteorological data. On the other hand, a week may be too long integration time; thus further studies with shorter exposition times might be needed for more detailed conclusions. This regards especially human activities near the Narva-Jõesuu site.
To get an overview of the features of long-range transport of 210 Pb, the back-trajectory calculation method with the use of global meteorological data for the description of air parcels in the atmosphere was applied.
The geographical distribution of back-trajectories originating at Tõravere and Narva-Jõesuu is shown in Fig. 7 and Fig. 8 , respectively. Each picture consists of 50 440 air parcel hourly coordinates corresponding to 20 weeks under the detailed study. Each figure presents a contour plot of the result of OriginPro 9 descriptive statistical analysis as a 2D histogram, where numbers of air parcel trajectory hourly coordinates are summed in every 2D bin of 1°E × 0.2°N. For contour plotting the bin sums were subdivided into nine levels in logarithmic scale. The geographical distribution depends on the number of trajectories travelling through the specific bin as well as on the velocity of any air parcel.
The origin of air parcels arriving at Tõravere and Narva-Jõesuu sampling sites in the weeks characterized by high 210 Pb concentrations is shown in Fig. 7a and Fig. 8a , respectively. In both cases the higher number of air parcel coordinates originate from southeast of the sampling site, thus from the Eurasian continental region. The origin of air parcels arriving at the same sampling sites in the weeks when low 210 Pb concentrations were measured is shown in Fig. 7b and Fig. 8b , respectively. The variability of origin and distribution of backtrajectories is much larger than in the case of high 210 Pb concentrations. There is a tendency that low 210 Pb concentrations are mainly related to marine air masses from the west, with a slight addition from south-west and northwest. This confirms the hypothesis connecting high 210 Pb activity concentrations in the Estonian air to the exhalation of 222 Rn from the ground of the Eurasian continent and its long-range transport, although probably the link is much more complicated. It has been shown in earlier studies that transfers of 222 Rn and 210 Pb are not directly linked because of their different behaviour with wet deposition (Paatero et al., 1998 (Paatero et al., , 2001 (Paatero et al., , 2010 .
After analysing the height distribution of air parcel trajectories under study, we found it reasonable to assume that the vertical movements included in trajectories follow such complex patterns that in case of our time scale the mean and median height values for air parcels carrying minimum and maximum 210 Pb activity concentrations are almost the same. For the Tõravere sampling site the mean height of air parcels over 20 weeks was 787 m above sea level in the case of minimum 210 Pb activities and 738 m in the case of maximum activities. In Narva-Jõesuu the mean heights were 753 m and 749 m, respectively, for minimum and maximum 210 Pb activities. The NCEP data include information about the height of the atmospheric boundary layer for every air parcel coordinate. Here might lie an important explanation for Annual variation in the activity concentration of 210 Pb (Figs 5 and 6 ) is often explained with the zonal circulation in the atmosphere, which tends to move air masses in the latitudes from 30°N to 60°N from west to east and leads to concentration differences in the western and eastern coasts of the continents. Depending on the origin of air masses, the surface air becomes enriched with or depleted of 210 Pb (Preiss et al., 1996) . At Tõravere
and Narva-Jõesuu, which lie near the western coast of the Eurasian continent, we might assume lower annual mean concentrations of 210 Pb than at its eastern coast due to the influence of the marine, low 210 Pb, air masses from the North Atlantic Ocean. However, Suzuki and Shiono (1995) reported that in 1992 the measured 210 Pb activity concentrations varied from 0.07 to 1.00 mBq m -3 in Honshu Island, Japan (38°46′N, 139°44′E) ; these values are clearly lower than the concentrations in any sampling site in Estonia a decade later. In cases like this it is reasonable to suggest that continental air masses from the Eurasian continent prevail over marine air masses at the Tõravere and Narva-Jõesuu sites and vice versa at the Honshu site. The huge difference between low and high values of 210 Pb activity concentrations measured at Tõravere and Narva-Jõesuu together with back-trajectory calculation results leave no doubt about the importance of the origin of air masses.
CONCLUSIONS
We measured activity concentrations of 210 Pb from January 2001 to March 2008 at Tõravere, South Estonia, and from January 2001 to May 2008 at Narva-Jõesuu, North-East Estonia. Our results show high weekly, seasonal, and yearly variability, where low and high activity concentrations differ by an order of magnitude. The general tendency was to observe higher concentration values of 210 Pb and their wider variability in winter, and lower concentrations and smaller variability in summer. Since no clear correlation with meteorological data was found, but a high positive correlation between the sampling sites was present, we explain the summer-winter difference with the different origin of air masses and the domination of the influence of longrange transport over local sources. Back-trajectory calculations conducted with the METEX software suggest that high 210 Pb values in the surface air at Tõravere and Narva-Jõesuu are caused by continental air masses transported from the Eurasian continent, while the low activity concentrations tend to arrive via marine air masses from the North Atlantic Ocean. In addition, a possible influence of the height of the atmospheric boundary layer was detected, suggesting that further studies are needed.
